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Abstract—In this paper, a universal online generation 
technique of non-sinusoidal fault-tolerant current is proposed for 
a nine-phase flux switching permanent magnet (NP-FSPM) 
motor with third harmonic back electromotive force (EMF) 
under single phase open-circuit fault condition. The decoupled 
model of NP-FSPM motor has been developed. By calculating the 
?verage torque and the pulsating torque components in steady 
state, the condition for reducing the torque ripple is analyzed, 
and the third harmonic current injection can be kept constant in 
the pre- and post open-circuit fault condition. The predicted 
results are confirmed by simulation. 
I. INTRODUCTION  
Stator permanent magnet (PM) machines including doubly 
salient permanent magnet (DSPM) machine, flux reversal 
permanent magnet (FRPM) machine and flux switching 
permanent magnet (FSPM) machine, have attracted wide 
attention due to their simple and robust structure, easy thermal 
management. It has been identified that the FSPM machine 
can offer higher power density, and fault-tolerance capacities, 
as compared with other type of stator PM machine [1]. Hence, 
three phase FSPM motors have been widely researched for 
application in aerospace, navigation and electric/hybrid 
vehicles (EV/HEV) recently [2-3]. 
Except three phase motors, multiphase flux-switching 
permanent-magnet (FSPM) motor drives are emerging as a 
key enabling technology for safety critical application, such as 
electric vehicles, ultrahigh speed elevators [4-6]. Due to the 
additional degree of freedom, it is convenient to derive the 
disturbance-free operation condition of this multiphase FSPM 
motor in terms of some fault-tolerant control methods, 
whereas the fault-tolerant control in a three-phase machine 
requires additional hardware or electrically isolated phases [7-
9].  
Open-circuit fault-tolerant operation of multiphase (below 
six) motors with sinusoidal back electromotive force (EMF) 
and sinusoidal phase currents are reported in [10-12]. 
Generally, it is assumed that such fault-tolerant machines have 
a sinusoidal back EMF waveform, so that the current 
controller is required to track a set of sinusoidal current 
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commands proportional to a given torque demand. Solutions 
for fault-tolerant currents are obtained from the condition to 
produce undisturbed rotating magneto-motive force (MMF) by 
using the traditional phasor representation of the stator 
currents in the healthy phases [10]. Such control methods are 
not applicable to the nine-phase FSPM (NP-FSPM) motor in 
this paper, since they may inevitably result in an undesirable 
low-frequency torque pulsation under a fault condition 
because of the non-sinusoidal flux linkage due to flux path 
variation with rotor position and full-pitch concentrated 
windings design.  
The purpose of this paper is to propose a new fault-tolerant 
control for multiphase FSPM motor with non-sinusoidal back-
EMF. In Section II, third harmonic current injection method is 
presented. In Section III, a universal online generation 
technique of non-sinusoidal fault-tolerant current and 
optimization objectives of the NP-FSPM motor drive are 
analyzed numerically. To predict normal and fault responses, a 
transient Matlab/Simulink model for fault analysis is 
developed and simulation is carried out in Section IV. Finally, 
conclusions are drawn in Section V. 
II. ANALYSIS AND DERIVATION 
A. FSPM Motor Modeling 
A full-pitch concentrated windings FSPM machine with 
34-rotor-pole and 36 stator-tooth has been proposed, featuring 
only odd-order harmonics in the air-gap MMF distribution, as 
shown in Fig. 1. The stator consists of “U-shaped” laminated 
segments, between which circumferentially magnetized 
magnets are sandwiched and the direction of magnetization is 
reversed from one magnet to the next. Each stator tooth 
comprises two adjacent laminated segments and one magnet. 
There are four coils in each phase, and each coil surrounding 
only one tooth. The resultant MMF waveform will be 
established by nine, equally spaced phase windings. Due to 
the fact that there are no magnets, brushes, nor windings in the 
rotor, the NP-FSPM machine offers the advantages of simple 
structure and mechanical robustness [1]. 
Finite-element method (FEM) is used to calculate the 
back-EMF of the NP-FSPM motor. Fig. 2(a) shows the first 
three no-load back EMF waveform of the motor. The 
amplitude of the back EMF is 288V, and the waveform is 
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 distorted. The fast Fourier transform (FFT) is carried out to 
obtain its frequency components in Fig. 2(b). It is found that 
the most significant harmonic in the back-EMF waveform is 
the third-order harmonic while higher order harmonics are 
relatively low. Neglecting the influence of the higher order 
harmonics, phase voltages can be obtained as: 
 
 
.Fig. 1 Cross section of the nine-phase FSPM motor.  
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Fig. 2 Back EMF. (a) Waveform. (b) FFT results. 
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where ? is the frequency of the fundamental component (the 
electrical rotor speed), ?3 is the 3-order harmonic angle 
relative to the fundamental component, E1 and E3 are the 
amplitudes of the fundamental and 3-order harmonic back 
EMF, respectively. 
B. Third Harmonic Current Injection 
By using symmetrical linear transformations [13], it is 
possible to represent the nine phase currents by four 
independent space vectors in different ?-? planes. Hence, the 
spatial distribution of the MMF produced by the stator 
windings in the air gap can be written as a function of these 
space vectors in the following compact form: 
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where Ns is the number of conductors in series per phase, Kwsh 
is the hth winding coefficient, p is the number of pairs of poles, 
?s is a stationary angular coordinate, hi  is the hth stator 
current space vector, and eℜ  is real part. 
The MMF relationship in (2) takes into account the first 
(M-2) spatial harmonics, and is valid both in steady-state and 
transient conditions. In particular, its amplitude is proportional 
to the magnitude of hi  and its angular speed (in electrical 
radians per second) is hhhp ωω = , where hω is the angular 
speed of hi . 
Neglecting the influence of the higher order harmonics for 
h>3, Kwsh=0 is of considerable importance. Hence, the MMF 
distribution given by (2) can be rewritten as follows: 
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It can be seen from (3) that the MMF in the air gap 
produced by the nine stator phase windings has a non-
sinusoidal spatial distribution, which depends exclusively on 
the instantaneous value of 1i  and 3i . The other stator current 
space vectors do not contribute to the air gap MMF and can be 
considered as degrees of freedom. 
The electromagnetic torque is determined by: 
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where mhψ  is the kth space vector of flux linkage from 
permanent magnets. 
It can be known from (3) and (4) that a constant torque can 
be obtained by operating the NP-FSPM motor in third 
harmonic current injection mode during normal operation. 
Hence, third harmonic currents can be injected in order to 
improve the flux distribution, power density and output torque, 
and the current controller of the drive system is required to 
track a set of non-sinusoidal current commands proportional to 
the given torque demand. 
However, during loss of one phase, the NP-FSPM will 
operate as eight-phase asymmetrical machine. A large low-
frequency pulsating torque appears, due to interaction between 
the fundamental current and the third harmonic EMF. The 
electromagnetic torque is expressed as (d-axis current 
component is set to 0): 
 
??
???
?
−+=
×ℜ=
)4cos2(cos
2
3
2
9
)(
2
9
111311
11
ttiip
ipT
qmqm
mhee
ωωψψ
ψ
          (5) 
3118
 Large 12ω  and 14ω  torque pulsations will appear when 
only the fundamental dq current reference is excitated. 
Reconsidering the interaction between 3-order harmonic 
current and the fundamental EMF, the resulting torque can be 
obtained as: 
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It can be known from (6) that 3-order harmonic current 
will produce both second and fourth order torque harmonics. 
Finally, during fault-tolerant operation, the total 
electromagnetic torque can be calculated as: 
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To reduce the low-frequency torque harmonic to zero, a 
strict 3-order harmonic current should be injected. Hence, the 
third harmonic current to be injected is chosen as: 
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Therefore, optimal current phasors are found by setting the 
second-order and fourth-order torque harmonics to zero. It can 
be concluded that, during the loss of one phase, the 
restructured harmonic torque components Te3 can effectively 
offset the original harmonic torque components Te1. Thus, in 
order to calculate the optimal set of excitation currents, prior 
information of the normalized back EMF induced in the stator 
phases is needed. The normalized back EMF information can 
be obtained from direct measurement of the back EMF at a 
given speed. Meanwhile, in order to get a high torque-to-
volume ratio, the third harmonic current injection should be in 
accordance with expression (8)?While in the non-fault 
operation, the other current space vectors are set to zero to 
reduce the stator copper losses. 
III. FAULT TOLERANT CONTROL  
The fault-tolerant operation means that the drive system 
will continue to run in a satisfactory manner under fault 
conditions. As a first countermeasure after any fault detection, 
the corresponding inverter is forced to be electrically 
disconnected from the motor in order to eliminate its influence 
on the drive behavior. The fault detection technique is an 
important aspect in fault-tolerant operation, and several 
methods of fault diagnosis for motor drives have already been 
presented in the literature [14-15]. To achieve fault-tolerant 
operation of the proposed NP-FSPM, remedial strategies for 
open-circuit faults are proposed in this section. In the 
following analysis, a failure in one phase will be considered as 
an example. As emphasized in section II, employing a 
conventional sinusoidal phase current excitation, will 
inevitably result in an undesirable torque ripple in the 
unbalanced faulty operation. This problem can be overcome 
by adopting a third harmonic current injection compensative 
strategy which is aimed at effectively eliminating the low-
frequency torque fluctuation. 
A. Phase Current Reconstruction 
According to amplitude invariant criterion and extended 
symmetrical component method, the nine-phase 
transformation from phase-variable model under stationary 
coordinate system to natural coordinate system for an arbitrary 
πγ 20 <≤ , can be deduced as: 
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where 92πγ = , ai′ , bi′ , ..., ii′  are the remaining phase 
currents under faulty condition, α1i ? β1i ? α3i ...? β7i are ?-, 
?-axis components of stator currents in ?1-?1, ?3-?3, ?5-?5 and 
?7-?7 plane respectively. 
In normal condition, the 1st, 3rd, 5th, 7th harmonic currents 
produce 1st, 3rd, 5th, 7th harmonics of stator MMF respectively, 
and they are mapped into different orthogonal ?-? planes 
respectively. The ninth equation denotes that the 9th harmonics 
of MMF is 0, and it also means that the sum of remaining 
phase currents is 0. When an open-circuit fault occurs in phase 
ka, kb, …, ki , the corresponding current go down to zero and 
no common current return path is presented. From (9), it’s 
clear that it contains nine equations and 8 unknowns after loss 
of phase “kx”, which means (9) has no solutions. It turns out 
that the current vectors are not independent any more. 
It is worth noting that disturbance-free operation can be 
achieved if the harmonic distribution of the MMF, produced 
by the stator phase windings in the air gap, does not change in 
pre- and post-fault conditions. Since the reference space 
vector 1i and 3i are calculated by the control system to track 
the torque and flux set points, expression (9) cannot be 
satisfied if 5i  and 7i are null simultaneously. Hence, 
neglecting the 5th or 7th harmonic, corresponding degrees of 
freedom can be used to minimize the copper loss. In order to 
produce smooth torque, the current vectors have to satisfy the 
following constraints: 
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      From (10), it’s clear that it contains one equation and four 
unknowns, the solution for fault-tolerant currents is not unique. 
B. Optimization objective Analysis 
There are many solutions for the stator phase currents 
satisfying above minimum torque ripple condition (8) and zero 
phase currents summation condition (10). But a unique 
solution for these conditions can be obtained by minimizing 
the stator copper loss. The instantaneous stator copper losses 
can be calculated as: 
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Using Lagrangian multiplier ? for constrain (10), the 
objective function P for the system can be formed as: 
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T
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      Zeroing the derivatives of the Lagrange function with 
respect to α5i , β5i , α7i , β7i  and ? leads to the following result: 
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Therefore, the phase currents for the optimum operation of 
the machine under open circuit fault can be obtained as:
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where ? is a faulty condition quantity and its value is 1 or 0, 
corresponding to faulty or healthy mode, respectively.  
The remaining phase currents can be easily solved in eq. 
(9). This group of currents can produce minimized stator 
copper loss when the 1st, 3rd harmonics of stator MMF are kept 
unchanged after phase “kx” is open-circuit. 
 
IV. SIMULATION RESULTS 
A. Control Method 
Since the traditional rotor-flux-oriented control strategy 
cannot be applied to the NP-FSPM motor directly, a stator-
flux-oriented (SFO) dq equation of the motor in the rotor 
reference frame is developed [16]. It can be found that the 
rotor position of the maximum PM flux linkage is defined as 
the d-axis, while the q-axis advances the d-axis by 
90°electrical degrees (equivalent to 2.64° in mechanical 
degree). The development of the dq-axes is crucial for the 
development of this SFO fault-tolerant control strategy. It has 
been known that the q- and d-axis components of armature 
currents correspond to the production of torque and flux, 
respectively. When the d-axis component of armature current 
is maintained, the stator-PM flux-linkage will be constant. 
Thus, by setting the q-axis component of armature current 
invariant before and after the fault, the electromagnetic torque 
of the NP-FSPM motor can be maintained. 
Fig. 3 shows the control block diagram of the NP-FSPM 
motor drive, in which the SFO fault-tolerant control is 
incorporated. By employing a proportional-integral (PI) 
regulator, the difference between the reference speed and the 
actual speed determines the reference electromagnetic torque, 
which is directly proportional to the q-axis component of 
armature current. The space vector pulse width modulation 
(SVPWM) controller is employed to drive the inverter. The 
controller can use ? to control the scheme selection and 
activation. Switching to healthy operation mode, the reference 
value of the first current space vector 1i  is calculated by the 
control system in order to satisfy the demand of torque and 
flux, and the third harmonic current injection rate was obtained 
by (8) to enhance the output torque, whereas the remaining 
current space vectors are usually set to zero. As to the fault 
tolerant implementation, the harmonic components in the 
current references are generated by the control system itself, 
which were calculated by (14) and (15).  
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Fig. 3 Fault-tolerant control scheme block diagram for the NP-FSPM motor 
drive. 
It should be noted that the fault-tolerant harmonic currents 
are performed in the ?? reference frame. Hence, the dq 
currents have to be deduced from ?? currents by a proper 
transformation, which can be expressed as: 
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where θ is electrical degree. 
B. Simulation Results 
To evaluate the proposed remedial control strategy, a 
transient Matlab/Simulink simulation model of the NP-FSPM 
motor drive is developed as shown in Fig. 4. All the simulation 
parameters used in these studies have remained the same, 
which are shown in Table I. 
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Fig. 4 Simulink model of NP-FSPM drive system. 
Table I 
MOTOR PARAMETERS 
Rated output power 10 kW 
Rated current (rms) 4.83 A 
Rated frequency 283 Hz 
Rated speed 500 rpm 
No. of pole-pairs in rotor 34 
No. of pole-pairs in stator 36 
Resistance per coil 1.3  
D-axis inductance 80 mH 
Q-axis inductance 72 mH 
D-axis magnetic flux 0.224 Wb 
Rotary inertia 0.05 kg.m2 
For the purpose of quantitative evaluation of torque 
performance of the FSPM motor drive under normal and fault-
tolerant operations, a torque ripple factor is defined as: 
 
%100)( minmax ×−= avT TTTK                        (17) 
 
where Tmax, Tmin and Tav are the maximum, minimum, and 
average values of the output torque, respectively. 
On this simulation, the NP-FSPM drive system was fed by 
nine-phase voltage source inverter (VSI) using basic SFO-dq 
strategy and the controller is required to track a set of non-
sinusoidal current commands to produce the rated torque of 
150 (Nm) at a rotor speed of 500rpm. The stator excitation 
currents (analogous to q-axis current space vector in Fig. 5) 
under normal condition during 0.01~0.02s are shown in Fig. 6 
(b). The normal currents constitute only the fundamental and 
third-harmonic components, which are proportional to the 
frequency components of the back EMFs of the machine.  
A sudden winding open-circuit fault was emulated and 
applied in phase A at t=0.02s, then ? is set to be 1 at t=0.03s. 
Fig. 5 shows the dq stator currents during pre- and post open-
circuit fault condition, the 1st, 3rd harmonics of stator currents 
are kept unchanged after phase A is open circuit, and the  5th, 
7th harmonic currents are used to produce smooth torque. Fig. 
6 (c) and (d) shows the stator excitation currents in the fault 
operation and fault-tolerant operation, respectively. 
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Fig. 5 Stator q-axis currents.  
Fig. 7 shows the speed and torque waveforms. As will be 
seen, due to the back EMF harmonics and fault condition, a 
torque ripple of 13.3% exists under such open-circuit fault 
conditions. Pulsation with double fundamental frequency is 
observed in both the speed and torque. The pulsation is caused 
by the 3rd harmonic of stator MMF. Then, the proposed fault-
tolerant control strategy is evaluated at t=0.03s. It can be 
observed that the motor drive can online switch to the fault-
tolerant mode. The torque oscillations are reduced efficiently 
by the proposed method, and the system can operate 
continuously and steadily after the open-circuit fault 
occurrence. 
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Fig. 7 Dynamic simulation results of fault-tolerant operation. (a) Speed 
waveform. (b) Torque waveform. 
By using the proposed remedial strategy, the locus of the 
?? stator currents has been observed in Fig. 8, verifying that 
the 5-order and 7-order harmonic currents injected in the stator 
windings are used to produce circular rotating fundamental and 
3-order harmonic MMFs during fault-tolerant operation. 
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Fig. 8 Locus of fault-tolerant currents. 
V. CONCLUSION 
This paper calculates the average torque and the pulsating 
torque components of the NP-FSPM motor in steady-state. The 
new nine-phase decoupled transformation matrix under open-
phase fault is built, and then the fault-tolerant control method 
is proposed based on the multiple space vector representation 
of nine-phase quantities, and it can be used for up to more 
open stator phases by applying a convenient rotating reference 
frame with ?? components. Finally, simulations for one phase 
open fault have been carried out. The results indicate that the 
proposed tolerant control method in this paper can reduce the 
low-frequency torque oscillations under open-phase fault 
significantly, which ensures that the motor continues to 
operate steadily. 
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